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Abstract: This paper deals with the selection of some wawefdiamily sets for use in
Active Multi-Static Primary Surveillance Radar (M&R). The selection takes into
account the correlation properties, the ambiguityndtion properties, the Peak to
Average Power Ratio (PAPR) reduction, the cardiya#ind the diversity of each set.
According to these criteria, the application of sading codes in the MSPSR context is
investigated.
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1. Introduction

Nowadays, MSPSR systems are sustainably settlaid surveillance prografi]. Compared

to mono-static radar currently in use, an MSPSResyss based on a sparse network of
transmitters (Tx) and receivers (Rx) interconnedted Central Unit and offers advantages in
terms of reliability, cost and performance.

Two kinds of MSPSR systems exist: the Passive famohthe Active one. While the Passive
MSPSR uses transmitters of opportunity such asordeéiequency Modulation (FM)
transmitters and/or Digital Video Broadcasting-€strial (DVB-T) transmitterd2], the
Active MSPSR uses dedicated transmitters, whicht @nwaveform that is controlled and
designed for a radar application. Each receivercgsses the signal coming from all
transmitters and reflected on the targets; andCtetral Unit restores the target location by
intersecting “ellipsoids” from all (transmitter,a@ver) pairs.

Compared to passive MSPSR, the main advantagekeohdtive MSPSR are the use of
dedicated waveforms that allow reaching betterquarénces (like a better association of the
transmitters’ contributions at the receiver levahpre flexibility in the deployment of
transmitters and receivers station (in order totntfee requirements in localisation accuracy
and in horizontal and altitude coverages); andjtierantee of having a service continuity.

Building on the works carried out by the Telecomination field for solving multi-user
issues, this paper investigates the applicatiddpoéading Codes in MSPSR concept.

Thus, the purpose of this paper is to compare réiffespreading codes taking into account
some criteria such as the family size, length diNgr auto-correlation and cross-correlation
properties, and PAPR. Then according to theserierjtsome families are selected.



2. Codescriteria
2.1 Cardinality and diversity

The family size and the length of the sequencesengimportant parameters for designing a
set of waveforms for use in MSPSR systems. Thd fieason is, assuming that each
transmitter has its own dedicated waveform; it ¢en shown that the family must be

composed of at least twenty sequences. The seeasir is that each transmitter emits a
Continuous Wave (CW) composed of the repetitiorthef same pattern: for example the
spreading sequence. Therefore, when the receiversegs the signal it appears range
ambiguities that corresponds to the sequence lefigils, to eliminate the range ambiguities
the length of the sequences must be greater tlearadar instrumented range.

2.2 Correlation properties

One of the critical stages in the process of selgcthe waveform family sets is the

correlation functions study. In MSPSR systems, aackiver correlates the received signal
and replicas of each transmit signals. Therefois itecessary to minimize the interference
between the different transmitters, which meansiteimize the cross-correlation level; and
to maximize the Peak to Side Lobe Ratio (PSLRhefduto-correlation function.

2.3 Ambiguity function properties

Another critical stage is the analysis of delay Brugpler effects on the waveform. Using the
ambiguity functions (auto- and cross-ambiguitia®lhustness against delay and Doppler
effects must be investigated for the various waweféamily sets. Such as the correlation
properties, the cross-ambiguity function must htnee lowest possible level for all Doppler

shifts and all delays; and the auto-ambiguity nhask like a thumbtack function.

2.4 Peak to Average Power Ratio (PAPR)

PAPR describes the ratio between peak power anageeower of the continuous signal. A
high PAPR reduces the efficiency of the Power Afigliin the sense that a back-off is
necessary for working in the linear range. Thusldheer the PAPR is, the more efficient is
the waveform for a given peak power.

3. Spreading Sequences
3.1 Gold codes/ Pseudo-Gold

Gold codes have been developed to solve the céitdiiszue of themaximal connected sef
the maximal-length sequences (m-sequen@B)]. They are generated by takingeeferred
pair of m-sequencef lengthN and doing the modulo-2 addition of one sequencéhef
preferred pairwith a shifted version of the other one. The remik family ofN+2 binary
sequences of lengt with cross-correlation and out-of-phase auto-dati@n taking values
in the sef{—1; - t(n); t(n) - 2} with:

N=2"-1 withnON" # 4k 1)

n+l

22 +1 if nodd
n+2 (2)

22 +1 if neven
n represents the number of registers required foemgeimng them-sequenceAnd in case
wheren is a multiple of four there is npreferred pair therefore no Gold sequence can be
generated. But based on the work of NjBl5], it is possible to find a pseudo preferred pair

t(n) =



of lengthN. Therefore it is possible to generate a family tha call “pseudo-Gold” by using
this pseudo preferred pair in the Gold generatimtgdure. The result is a family dF+2
binary sequences of lengbhwith cross-correlation and out-of-phase auto-dati@n taking
values in the se{[—l; t(n)—2;-9n); Yn) - 2} .

N=2"-1 withnON" =4k (3)
s(n) =22 +1 (4)
3.2 Kasami codes

Kasami codes are composed of two sets, the SniadinBethe Large S¢6][7][8]:

e The Small Set is generated by takingmasequenceu(t) of length N and theg-
decimation v(t)of u(t) with q=2""? +1 and by doing the modulo-2 addition between
the first sequence(t) and a shift version of the second . The result is a family
of 2"'% binary sequences of lengh with cross-correlation and out-of-phase auto-
correlation taking values in the éetl; -g(n); o(n) - 2}.

N=2"-1 withnON" =2k (5)

» The Large Set is generated by takingn-aequence(t) of lengthN, the g-decimation
v(t) of u(t) with gq=2"2+1 and theq'-decimation W(t) of the k-shifted version of
u(t) with g '=2022+1 and kO[0gcd(g',N)-1], and by doing the modulo-2
addition between the first sequend® and a shift version of the secownd) and third
onew™(t). The result is a family of2"?(2" +1) or 2"?(2" +1)-1 binary sequences
of lengthN depending on whether=2[4] or n=0[4] with cross-correlation and out-
of-phase auto-correlation taking values in the{sél; —t(n);t(n) —2;,— s(n); o(n) — 2}.

N=2"-1 withnON" =2k (6)

3.3 Legendreand Waeil

Legendre and Weil codes are binary sequencesflanit a Legendre sequenag) of length
N prime and generated by doing the modulo-2 additietweena(t) and a shift version of
itself [9][10]. The result is a family ofN +1)/2 binary sequences of lenghth with cross-

correlation and out-of-phase auto-correlation b@ahily 2N +5.
3.4 No codes

No codes are binary sequences used in the crymioigréeld. Introduced by Kumar and No
[11] and generalized by N@.2] they are generated by using the property ef ghimitive
element on the Galois Field GFf2and the trace functiofi3]. The characteristics of these
sequences are a family ofN +1=2"2 binary sequences of lengthwith cross-correlation
and out-of-phase auto-correlation boundecviy +1 +1.

N=2"-1 withnON" =2k (7)

3.5 Trace Norm (TN) codes

TN codes are also binary sequences used in theogngphic field. Their generation is almost
similar to the No codes generation except the amfdit use of the Norm functiofi4]. The
characteristics of these sequences are a fami{ﬂf’rl =2"'2 pinary sequences of length
with cross-correlation and out-of-phase auto-catreh bounded byw/ N +1 +1.

N=2"-1 withnON" =2km (8)



3.6 Zadoff-Chu codes

Zadoff-Chu codes are complex sequences with ideabgic auto-correlation functions and
defined by{15][16]:

I (u? .
exr{— JZHN'(?+tu if neven
ZC,;(u) =

exp{—jan—‘(M+quD if nodd
NL 2

Whereu D[O: N —1], nON andr, the index of i-th sequence suchgs(,,N) = . IfIN is
a prime, the characteristics of these sequencea family of N -1 polyphase sequences of
length N with cross-correlation and out-of-phase auto-datien bounded byx/ﬁ [16].

(9)

4. Simulation results

In order to compare all families presented aboll@mabiguity functions have been calculated
with different sequence’s lengths in the configioratdescribes iff ab. 1.

Table 1. Simulation parameters

Simulation Parameters | Integration Time | Chip duration | Target Doppler Max | Target Delay M ax

2000 Hz
Value 130 ms 1lus ) 1ms
(=300 m/s in L Band

Let f, denotes the Doppler variableig. 1 shows the behaviour of the auto-ambiguity and
cross-ambiguity function of a Small Set of Kasaegusence.
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Figurel. Auto-ambiguity (top) and cross-ambiguity (bothditnctions of a sequence of the Small Set of
Kasami forN = 2" -1 with n :{ 10;12;14;16} (from left to right), using a chip duration of 1gisd an integration
time of 130 ms, which corresponds to a number abge N . ,q Of {128 ;32;8;2} respectively.

Different observations can be done. First the meciilobes at Doppler intervals of the inverse
of the pulse repetition interval ihig. 1 are a penalty related to the use of a coheremt tfai
Noeios Periods[17][18]. Second the longer the sequences are, the biett@mibiguity functions



tend to a thumbtack for the auto-ambiguity functeond a very low and flat for the cross-
ambiguity function. Other simulations, here dudaitk of space not presented, have shown a
similar behaviour for all families presented abase;ept for the Zadoff-Chu family, where the
Doppler effect causes a shift in time delay of tbenpressed pulse like in Linear Frequency
Modulation (LFM).

To complete the comparison between the differemtilfes, Fig. 2 shows the PSLR of the

correlation functions and the ambiguity functiorenpared to those of an Additive White
Gaussian Noise (AWGN) of the same length and peealdfor reaching the same integration
time.

PSLR of the auto-ambiguity function PSLR of the auto-correlation function
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Figure 2. Evolution of the PSLR of the auto-ambiguity (feft), cross-ambiglnjity (bottom left), auto-corrédat
(top right), and cross-correlation (bottom righth€tions for all families depending of the sequelrogithN

with n=log2(N), using a chip duration of 1ps and with an integratime of 130 ms.
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As expected it appears Fig. 2 that the evolution of the PSLR of the correlatfanctions
correspond to the theory (S@ab. 2.). It also appears that the evolution of the PSIitRhe
ambiguity functions looks like those of the AWGNkcept for Small Kasami, No and TN
which are ~4 dB lower.

Table 2. Upper Bound of the PSLR of the correlation funcsion

Family ) Small Large Legendre
Name Ereld pesyEDCele K asami K asami & Waell No N
PSLR (/N | {m-2)/N | sSm)/N | /N | YN +5)N | SN | SN

The simulation results show that all those sprepdeguences can achieve very low side-lobe
levels. Especially, the Small Set of Kasami, the &lwd the TN families offer better
performances than all the other families studie® h&nother advantage of those sequences is
the constant envelope of the signal. This propergans that the PAPR is one, allowing a
better efficiency of the Power Amplifier.

Thus, those three families seem to be good camdidat an application in an active MSPSR
system.



6. Conclusion

In this paper we present a comparison of the padoces of different spreading codes for an
application in active MSPSR system. With numergaiulations it is shown that the Small
Set of Kasami, the No and the TN families exhibi best performances, thus positioning
them as possible candidates for active MSPSR wawsfoFuture work will study in more
details these pre-selected waveforms (mismatchieer, fiwindowing), as well as other
possible telecommunications waveforms.
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